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ABSTRACT
In order to evaluate the ability of sound field control methods to generate independent listening zones within
domestic and automotive environments, it is useful to be able to predict, without listening tests, the accept-
ability of auditory interference scenarios. It was considered likely that a relationship would exist between
masking thresholds and acceptability thresholds, thus a listening test was carried out to gather acceptability
thresholds to compare with existing masking data collected under identical listening conditions. An analysis
of the data revealed that a linear regression model could be used to predict acceptability thresholds, from
only masking thresholds, with RMSE = 2.6 dB and R = 0.86. The same linear regression model was used
to predict acceptability thresholds but with masking threshold predictions as the input. The results had
RMSE = 4.2 dB and R = 0.88.
1. INTRODUCTION
In order to evaluate a sound field control system for use
within automotive and domestic environments it would
be advantageous to predict whether listening scenarios
formed of arbitrary combinations of ecologically valid
stimuli would be acceptable to listeners. A pilot study
identified correlations, for a small set of overlapping lis-
tening scenarios, between the thresholds of acceptability
reported in [1] and the masking thresholds obtained dur-
ing the experiment reported in [2]. If a relationship were
found to be present in a broad range of cases it could be
used to aid the prediction of the acceptability of audi-
tory interference scenarios, which could in turn be used
to evaluate sound field control methods.
It is reasonable to assume that some type of relationship
would exist between masking and acceptability since, by
definition, for an arbitrary listening scenario the thresh-
old of acceptability should not be below the equivalent
masking threshold. Beyond this it seems plausible that
the interferer loudness might also be related to accept-
ability, because a loud interferer is unlikely to be con-
sidered acceptable. It is also expected, however, that
many other factors, such as intelligibility, rhythm and rel-
ative harmonicity of the source material, may influence
the acceptability threshold and as such an investigation
of the correlation between masking and acceptability is
required to determine the extent to which masking can
predict acceptability.
An experiment was therefore carried out to obtain ac-
ceptability thresholds for listening scenarios identical to
those used to gather masking thresholds in [2], before
analysis could be carried out to determine if it is possible
to predict the acceptability threshold of a listening sce-
nario from the masking threshold. This work reports the
experiment procedure and results, as well as the subse-
quent construction of a linear regression model to predict
acceptability thresholds from masking thresholds.
2. ACCEPTABILITY THRESHOLD EXPERI-
MENT
In order to find a relationship between masking and
acceptability within automotive and domestic environ-
ments it was first necessary to obtain a set of masking
and acceptability thresholds for the same set of listening
scenarios, to which end a listening test was conducted.
2.1. Methodology and Equipment
The listening position was near the centre of a room
meeting the specifications of [3] with one Genelec
8020A loudspeaker and one Genelec 1032 loudspeaker
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Fig. 1: Loudspeaker and listener positions. All Gen-
elec 8020As (marked with ‘N’ or ‘T’) were positioned
at a height of 78 cm and the Genelec 1032 (marked with
‘I’) was positioned at a height of 104 cm (approximately
head height for a seated listener).
positioned directly in front at distances of 1.85 m and
2.2 m respectively. A further six Genelec 8020A loud-
speakers were arranged in a regular hexagonal formation
around the listening position at a distance of 2.0 m (see
fig. 1).
One audio programme (the target) was replayed via the
frontal 8020A, and a different audio programme (the in-
terferer) was replayed via the 1032. The hexagonal array
was used to reproduce road noise on half of all trials.
This loudspeaker arrangement was selected as a simple
way to approximate the envelopment experienced when
in an automobile. The subjects were provided with an
unmarked rotary fader which controlled the level of the
interferer programme, and were given the following in-
structions:
‘Imagine you are relaxing (at home or in the
car) by listening to music or sports commen-
tary. With this in mind, adjust the level of the
interfering audio programme until you find it
acceptable’.
This methodology is known as the ‘method of adjust-
ment’ and is sometimes considered to be less accurate
than other psychophysical test methods. Alternative
forced choice (AFC) style procedures, for example, were
found to produce masking thresholds around 2 dB lower
in [4] than alternative procedures (including the method
of adjustment). Similar results were found in [5]. In an
ecologically valid interference scenario, however, listen-
ers would likely judge the interference as objectionable
or not, and subsequently wish to reduce the level of in-
terfering noise until the listening scenario is acceptable.
Additionally the method of adjustment task is both fast
and intuitive, so this procedure was considered appropri-
ate for use.
Ten listeners who reported no hearing impairments, aged
between 21 and 38 years, participated in the experiment.
Four subjects had training in critical listening and ex-
perience conducting and participating in psychoacoustic
experiments, three subjects had no such experience but
were musicians, and three subjects had no experience in
any of these domains.
2.2. Stimuli
Three items of target programme material and three
items of interferer programme material were used in this
experiment. All stimuli were 10 second excerpts (which
was considered sufficiently short to allow for a reason-
able number of trials to be conducted, yet sufficiently
long to include realistic programme variability) which
looped indefinitely. The targets and interferers were se-
lected to cover a range of programme types and genres.
The targets were excerpts of: classical music (Brahms’s
Hungarian Dance No.18), pop music (The Killers’ On
Top), and football commentary. The interferers were ex-
cerpts of: classical music (Mahler’s Symphony No. 5
Mov. 4), pop music (The Bravery’s Give in), and male
speech (from the BBC Radio 4 show ‘Points of View’).
Any system designed to control interference between
signals may have some effect on the magnitude spectrum
of the interferer signal. In order to consider this a fur-
ther six interferers, filtered replicates of the first three,
were also used. Three were low pass filtered (LPF) at
200Hz with a 9dB/oct roll-off, based upon the results of
[6], and three were high pass filtered (HPF) at 1kHz with
a 16dB/oct roll-off, based upon the results of [7].
A single channel recording of road noise was decorre-
lated according to the method described in [8] and re-
played over the 6 channel hexagonal loudspeaker array
in half of all trials.
Preferred listening levels were identified in [9] for music
in the automotive environment at between 70 and 76 dBA
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for a range of vehicle speeds including stationary (en-
gine off), thus the target programmes were reproduced
at a level of 76 dB LAeq measured at the listening po-
sition with a time constant of 20s (i.e. programme re-
played twice). The road noise was adjusted to 60 dB
LAeq which was found to be a good approximation for
road noise levels inside automobiles travelling at 30 mph
in the above mentioned study. The interferers were set to
a starting level which was randomly selected between 70
and 76 dB LAeq in order to minimise the opportunity for
listeners to select the masking threshold by recalling the
number of rotations of the rotary fader used on a previous
trial.
The experiment design was full factorial with two repe-
titions per trial, thus there were 108 trials per subject (3
targets × 3 interferers × 3 filtering levels × 2 road noise
levels × 2 repetitions) for the masking data, and another
108 trials per subject for the acceptability data. The ex-
periment was carried out with six sessions per subject,
with 36 trials per session. Each session contained one
target, but the order of sessions was randomised across
subjects to minimise any training effect.
3. ACCEPTABILITY RATINGS
The results were analysed for subject reliability and the
responses of subjects 1 and 7 were found to be less con-
sistent across repetitions than other subjects. A princi-
pal component analysis, however, demonstrated that only
subject 7 did not rate acceptability in the same way as
the other subjects, so subject 7’s scores were removed
from further analysis. Three outliers, from a total of
972 remaining acceptability scores, were also removed
from further analysis. These were all cases where the re-
sponse interferer-to-target ratio (ITR) was very far below
the lower quartile (more than 10 dB) and the correspond-
ing repeat was very close to the across-subject mean (less
than 2 dB); indicating that these were very likely cases of
subject input error.
3.1. Analysis of Variance
Shapiro-Wilk tests of sample size n=18 (n=17 where an
outlier was removed) showed that when the data were
separated by target, interferer, road noise, and filtering,
only 7 of the 54 groups were normally distributed with
95% confidence. With relatively small sample sizes (n =
17 or 18) in each group, observations of the histograms
provided little evidence to support or contradict this. All
data were therefore analysed using both parametric and
df F Sig. Partial η2
Intercept 1 251.33 .000 .969
Target 2 61.64 .000 .885
Interferer 2 13.19 .000 .622
Filter 2 400.04 .000 .483
Noise 1 104.37 .000 .109
Int * Fil 4 14.55 .000 .064
Fil * Noi 2 14.56 .000 .033
Tar*Fil 4 50.41 .000 .191
Tar*Int 4 4.01 .010 .334
Tar*Noise 2 31.95 .000 .070
Tar*Int*Fil 8 7.11 .000 .062
Tar*Fil*Noi 4 11.11 .000 .049
Tar*Int*Noi 6 2.15 .000 .015
Table 1: An ANOVA of the data separated by target,
interferer, filtering, and road noise as fixed factors.
non-parametric tests. No discrepancies between results
were found so only results of the parametric tests are re-
ported here.
An analysis of variance (ANOVA) was conducted with
the data split by target, interferer, filtering, and road noise
as fixed factors with subject as a random factor. The
ANOVA was then re-run with the non-signficant inter-
actions excluded. Table 1 shows this second ANOVA.
A Shapiro-Wilk test found that the residuals were not
normally distributed, however, with n = 969 the power
of this test is very great. The histogram of the residu-
als shows an approximately normal trend and thus the
ANOVA test is considered to be appropriate for use.
3.2. Effect of Interactions
All main effects and many interactions were significant.
When high level interactions are present an isolated anal-
ysis of main effects can be misleading, because any ap-
parent trends amongst main effect levels will vary with
the interacting factors. As shown in table 1, many of the
two and three way interactions are significant. Most of
these interactions have an effect size much smaller than
that of the main effects, however, with the interaction
between target and interferer having the greatest (partial
η2 = .334). This is greater than the effect size of the
noise factor (partial η2 = .109), but much smaller than
the other main effects. Figure 2 shows the result of this
two way interaction.
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Fig. 2: Mean acceptability thresholds for all listening
scenarios, with 95% confidence intervals, separated by
target and interferer programmes. The solid line indi-
cates the classical target, the dotted line indicates the pop
target and the dot-dashed line indicates the sports com-
mentary target.
3.3. Main Effects
The effect of target programme upon ITR was large
(partial η2 = .885). The mean ITRs were −17.46 dB
for the classical target, −11.17 dB for the pop target,
and −18.97 dB for the sports commentary target. The
ANOVA revealed significant differences between ITRs
for target programmes and a Tukey’s post-hoc test re-
vealed that ITRs for all three target programmes were
significantly different.
The effect of interferer programme was also large (par-
tial η2 = .622). The mean ITRs were −13.57 dB for the
classical interferer, −16.39 dB for the pop interferer, and
−17.67 dB for the male speech interferer. The ANOVA
revealed significant differences between ITRs for inter-
ferer programmes and a Tukey’s post-hoc test revealed
that ITRs were significantly different for all three groups.
The effect of interferer filtering was large, but less than
that of target programme or interferer programme (partial
η2 = .483). The mean ITRs were −17.18 dB for no fil-
tering, −12.29 dB for LPF, and −18.17 dB for HPF. The
ANOVA revealed significant differences between ITRs
for interferer filtering and a Tukey’s post-hoc test re-
vealed that ITRs were significantly different for all three
groups.
The effect of road noise was less than that of the other
main effects (partial η2 = .109). The mean ITRs were
−16.81 dB when road noise was excluded and −14.93
dB when road noise was included. The ANOVA revealed
significant differences between ITRs with and without
road noise.
3.4. Discussion
The results of the acceptability experiment show that
most ITRs lie near -15 dB, and that almost all data were
between -5 dB and -25 dB. The largest effect was of the
target programme, with subjects finding higher level in-
terference acceptable during the pop music target pro-
gramme than when listening to classical music or sports
commentary. The pop target also had a smaller range of
ITRs (15 dB) relative to the classical music (32 dB) or
speech commentary target (30 dB). The second largest
effect was that of the interferer programme, with sub-
jects rating the acceptability threshold for classical mu-
sic interference higher than the acceptability thresholds
for pop or male speech interference. The two-way in-
teraction showed that the classical interferer required the
least level reduction to be considered acceptable (for the
classical and sports commentary targets), and the pop
and male speech interferers required further reduction in
level (with some confidence intervals overlapping). It is
considered that a variety of hidden factors, such as dy-
namic range, relative harmonicity, rhythm, and intelligi-
bility, were most likely responsible for this interesting
result.
4. MASKING THRESHOLD EXPERIMENT
The experiment was carried out prior to the acceptabil-
ity experiment, but in the same room using the identi-
cal methodology with one exception: the listeners were
asked to reduce the level of the controllable audio pro-
gramme until it was ‘just inaudible’. The experiment is
described in detail in [2].
Masking ITRs were reported almost exclusively from -
15 to -45 dB; a much wider range than those of accept-
ability ITRs. All factors were significant in the masking
threshold experiment and the factor with the largest ef-
fect size upon masking thresholds was, as with accept-
ability thresholds, the target programme (partial η2 =
.872). This was followed by interferer filtering (partial
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η2 = .822), and then noise (partial η2 = .714) and in-
terferer programme (partial η2 = .341). Some two and
three-way interactions were significant with large effect
sizes as well, however, so the main effects alone are not
sufficient to properly describe the results. For example
the interferer programme, although significant, was not a
particularly strong influence upon the masking threshold
having a lower effect size than even the three way inter-
action between target programme, noise, and interferer
filtering (partial η2 = .469).
5. COMPARISON OF MASKING AND ACCEPT-
ABILITY
The goal of conducting the listening test was to obtain a
set of acceptability and masking thresholds for the same
listening scenarios. This was required in order to inves-
tigate any relationship between the two variables which
could be used predictively.
5.1. ANOVA of Difference Scores
An ANOVA was carried out on a set of data computed
by first taking the mean score per listening scenario for
all repetitions across acceptability and masking data, be-
fore subtracting the mean masking thresholds from the
mean acceptability thresholds. The resultant data set
thus describes the mean difference between acceptabil-
ity and masking data per subject, target, interferer, filter
and noise. Table 2 shows the result of the significant fac-
tors in the ANOVA. The residuals of the ANOVA were
not normally distributed according to a Shapiro-Wilk test
however an inspection of the histogram revealed an ap-
proximately normal trend, so the ANOVA was consid-
ered appropriate for use.
The ANOVA indicates that all main factors, except road
noise, were significant at p = 0.05, as well as a few
higher order interactions. Since the five way interac-
tion (including subject) was significant and had the great-
est partial η2, however, the lower order interactions and
main effects can not be meaningfully considered inde-
pendently. The finding of this ANOVA, therefore, is that
differences between masking and acceptability thresh-
olds depend upon the target programe, interferer pro-
gramme, interferer filtering, road noise, and subject. A
post hoc test (Tukey’s honestly significant difference) re-
vealed that all three target subsets and all three interferer
subsets could be considered significantly different, and
unfiltered and HPF interferers could be considered sig-
nificantly different from LPF interferers.
F Sig. Partial η2
Intercept 109.68 .000 .940
Tar * Int * Fil *
Noi * Sub
1.32 .003 .520
Target 8.78 .000 .226
Interferer 4.77 .012 .137
Filter 7.59 .001 .041
Subject 7.12 .000 .454
Int * Fil 8.08 .000 .084
Tar *Int * Sub 5.88 .000 .499
Table 2: An ANOVA of the differences between mask-
ing and acceptability data separated by target, interferer,
filtering, and road noise with non-significant interactions
excluded and with subject set as a random factor.
5.2. Correlations
Although the ANOVA failed to identify structures within
the data which would allow stronger prediction by group-
ing according to subsets, a good correlation may still be
found between masking and acceptability. if the vari-
ances introduced by the considered factors are relatively
small, prediction accuracy may still be relatively good.
The data averaged across pairs of repeats and across sub-
jects, giving a mean acceptability score for each listening
scenario separated by target programme, interferer pro-
gramme, filtering, and noise. The same procedure was
carried out for the masking threshold data. A one-tailed
Pearson’s correlation coefficient was calculated giving
R = 0.86, with p < 0.001 (n = 54 listening scenarios).
Thus the coefficient of determination is R2 = 0.74, in-
dicating that 74% of the variance in mean acceptability
scores is accounted for by the mean masking threshold.
In this model the linear regression equation is:
AT = (0.66×MT )+ 3.47, (1)
where AT is the acceptability threshold, and MT is the
masking threshold.
Figure 3 shows a scatter plot of this data separated by
target programme. The accuracy of the model can be
measured using the Root Mean Squared Error (RMSE),
which for this model is equal to 2.6 dB and the epsilon
insensitive RMSE – where errors are the difference be-
tween the boundary of the 95% confidence interval of
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Fig. 3: A scatter plot of mean acceptability and masking
ITRs for data averaged across subjects and repeats. The
diagonal line represents the line of best fit and is defined
in eq. (1). Classical target programme scenarios are in-
dicated with circles, pop target programme scenarios are
indicated with triangles, and sports commentary target
programme scenarios are indicated with diamonds.
the mean observation and the prediction, or 0 for predic-
tions which fall within the 95% confidence interval – is
equal to 1.2 dB. For comparison, the RMSE between re-
peats across all subjects and listening scenarios is 4.3 dB,
indicating that the model predicts the mean acceptabil-
ity threshold with greater accuracy than subjects were
able to repeat their own judgements. The consistency of
the model can be measured using the outlier ratio (OR),
which is equal to the ratio of outliers to total data points.
In this case a prediction is considered an outlier if it lies
more than 1 standard deviation from the reported mean
value. The OR was = 9.3% (with only two conditions
classified as outliers: pop target with LPF classical inter-
ferer without road noise, and sports commentary target
with LPF classical interferer with road noise).
6. ACCEPTABILITY THRESHOLD PREDIC-
TIONS BASED ON MASKING THRESHOLD
PREDICTIONS
With a model established to predict acceptability thresh-
olds using masking thresholds, the same approach can be
used to make predictions about the acceptability of audi-
tory interference scenarios where the masking thresholds
are unknown but where an appropriate masking threshold
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Fig. 4: A scatter plot showing mean acceptability and
predicted acceptability ITRs. The diagonal line repre-
sents the line y= x, i.e. an ideal prediction. Classical tar-
get programme scenarios are indicated with circles, pop
target programme scenarios are indicated with triangles,
and sports commentary target programme scenarios are
indicated with diamonds.
prediction model is available. Masking threshold predic-
tions were made for this set of listening scenarios using
the computational auditory signal processing and percep-
tion model [10], implemented as described in [2]. The
model passes a target and interferer through a series of
processes mimicking the human auditory system, result-
ing in an ‘internal representation’ of the signal. Cross
correlations were calculated between the mixture internal
representation and a template mixture internal represen-
tation in which the signal was known to be audible. By
comparing this with a cross correlation between the in-
ternal representation of the interferer alone and the tem-
plate mixture a probability of detection was calculated.
The masking threshold prediction was the signal level at
which the probability of detection exceeded 50%.
The set of masking threshold predictions obtained from
this model were then used as the input to the linear re-
gression model described in eq. (1) to produce a set of
acceptability threshold predictions. Figure 4 shows the
relationship between the mean acceptability thresholds
and the predicted acceptability predictions.
The RMSE of the predictions is equal to 4.2 dB and
the epsilon insensitive RMSE is equal to 2.7 dB. Pear-
son’s correlation coefficient is calculated as R = 0.88. As
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fig. 4 shows, the predicted acceptability ITRs tended to
be slightly higher than the observed ITRs.
Further improvements to the accuracy of the model might
be achieved by including further categories in specific
cases where more details are available. For this dataset,
however, while it may be possible to model subsets of
the data more closely, the result would likely be an over
fit to the data.
7. CONCLUSION
The ANOVA of difference scores revealed that the differ-
ence between masking and acceptability scores for vari-
ous listening scenarios was determined by an interaction
between all the factors considered (including subject).
The disagreement between subjects implies that a cer-
tain amount of individual preference is contained within
judgements of acceptability. Further analysis revealed
that, while individual subject scores differed, a relatively
consistent difference between mean masking thresholds
and mean acceptability thresholds existed. Based on this,
the use of a linear model to predict acceptability thresh-
olds from mean masking thresholds was therefore sug-
gested. Predicted and observed acceptability ITRs were
fairly well correlated (R2 = 0.74). The model predicted
acceptability thresholds with an accuracy of RMSE =
2.6 dB which, by way of comparison, is less than the
RMSE between repeats across all subjects and listening
scenarios (4.3 dB). This implies that the model predicts
the mean acceptability threshold with greater accuracy
than subjects were able to repeat their own judgements.
This linear regression model was used to make ac-
ceptability threshold predictions based on predictions of
masking thresholds obtained using a model described in
[2]. Predicted and observed acceptability ITRs were still
fairly well correlated (R2 = 0.78), and prediction error
was RMSE = 4.2 dB.
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